This paper proposes a new concept for generating controlled, high-flux pulses of neutrinos. Laser-induced generation of relativistic protons, followed by pion production and decay, provides the neutrino source. By conservative estimate, the source will yield nanosecond-range pulses of muon-neutrinos, with fluxes of ∼10 19 ν µ s −1 sr −1 and energies of ∼20 MeV or higher. Concept feasibility depends upon further progress in high-intensity lasers; the process assumes a driving laser with pulse energy ∼8 kJ, providing an irradiance of ∼9 × 10 22 W cm
Introduction
The purpose of this paper is to describe a new concept for a pulsed neutrino source: an optically driven emitter of neutrinos (ODEN). The source is based on laser wakefield acceleration of electrons to the relativistic regime, leading in turn to the emission of a relativistic proton pulse. The protons undergo inelastic scattering on a stationary target and hence generate charged pions, which decay into muon-neutrino pairs. Although these processes can also be induced using accelerators, the fact that the whole chain of transformations is triggered and seeded by a high-intensity pulsed laser permits new control options. Significant advantages of the new source include (1) fine temporal neutrino pulsewidths, limited by pion lifetime (∼40 ns due to time dilation); (2) the triggering of the detector by the same laser pulse and (3) when it will become possible, fixed repetition rates set by the laser. This permits the efficient temporal filtering of background noise and residual electron neutrino contaminations from muon decays by fast time-gating of the detector. The flux of generated muon-neutrinos at the source is expected to be as high as ∼10 19 ν µ s −1 sr −1 , with an energy of ∼20 MeV or higher, depending on the progress of high-intensity lasers. Requirements for the generation of GeV-neutrinos will be discussed below. ODEN offers new experimental opportunities for addressing some fundamental problems in modern physics, such as the KARMEN time anomaly [1] and the neutrino deficiency phenomena. The latter can be addressed via neutrino appearance/disappearance measurements limited to m 2 
10
−3 eV 2 . 
Basic principles
ODEN can be viewed as the prototype for a new generation of high-energy devices, which may become feasible in parallel with the progress of photonuclear physics [2] . The recently discovered phenomenon of generating relativistic protons from hydrocarbon-containing targets subjected to focused petawatt laser pulses is the core principle of ODEN. The phenomenon was independently reported by research groups from the Rutherford Appleton Laboratory (RAL, UK) [3] , the University of Michigan (UM) [4] and the Lawrence Livermore National Laboratory (LLNL) [5] . The strongest emissions of ∼2 × 10 13 protons per pulse at kinetic energies up to 58.0 MeV, were observed by the LLNL group [5] .
A conceptual schematic of ODEN is shown in figure 1 . An intense laser beam (1) is focused at normal incidence on a hydrogen-rich solid target (2) . Elements forming reversible hydrides (Pd, V, Ni, Mg, etc) can be used as targets. A relativistic proton pulse (3) emitted from the unexposed side of the target is directed towards a proton beam stop (4) . Within the beam stop the proton pulse yields a charged pion pulse through the following inclusive reaction:
The charged pions emerging from the proton stop decay by the reaction
which yields a first pulse of muon-neutrinos (5) emitted towards, for example, Cherenkov radiation detector (6) . The muons (7), also produced in reaction (2), could be focused using horn magnets and directed towards the muon stop (8) .
The neutrino detector, which is essentially a cylindrical tank of heavy water (or other preferably deuterium-rich fluid), is oriented in such a way that its longitudinal axis is directed radially outward from the geometric centre of the pion decay zone (as shown in figure 1 ). The photo-multiplier tubes (PMT) of the detector are time-gated within a fixed time window. The triggering signal comes via the optical line (9) . The duration of the PMT working window should match the width of the pulse of neutrinos from reaction (2) . It will be shown below that the fiducial length of the detector, then, should be ∼12 m. The window will permit temporal exclusion of neutrinos produced from muon decays by the following reaction:
Background neutrinos can also be excluded, based on their random directionality and times of interaction. Finally, the detection system will permit distinguishing neutrino flavours, should disappearance tests be feasible. (This will be the case, provided the ODEN generates neutrinos with energies exceeding 1 GeV.) 
Neutrino energy and flux
The average electron energy in the wakefield plasma (E) can be assumed proportional to the square root of the irradiance (intensity), I (W cm
where m is the electron mass and U p (eV) = 9.33 × 10
) is the non-relativistic ponderomotive potential (λ is the wavelength). From equation (4) the mean proton energy can be assumed proportional to the field, or to the square root of irradiance; i.e. E p ∝ I α , where α = 0.5. This result was originally demonstrated in [7, 8] . The critical parameters representing proton generation under petawatt laser irradiation are assembled in table 1. Comparing to RAL and LLNL data presented in table 1: the square root of the intensity ratio is 0.41, and the peak proton energy ratio is 0.31. Note that these numbers overlap within a 25% error. This can be viewed as supporting the α = 0.5 result. The research group from UM reported α to be in the 0.3-0.4 range [4] , although their irradiation conditions are below the wave-breaking threshold field [6] . Thus, for further estimations, one can assume that proton energy is proportional to the field.
The LLNL collaboration achieved a field of ∼5 × 10 13 V m −1 (table 1) . Using this as a reference value, to generate 1.0-GeV protons one would require a field of the order of 8 × 10 14 V m
, corresponding to 9 × 10 22 W cm −2 intensity. As will be shown below, 1.0-GeV protons are at about the minimum energy level required for ODEN development. An irradiance of 9 × 10 22 W cm −2 has not yet been reached; however, such irradiances seem feasible in the near future. For example, even the recently dismantled DOE Nova laser could be linearly upgraded to these levels of irradiance, by scaling up the compression of the pulse and extending the amplifier chain. Among currently existing systems, the closest to the ODEN type would be, probably, the petawatt laser recently completed and operating at the Institute of Laser Engineering of the Osaka University [9] . This system is designed for generating 500 J pulses of 0.5 ps width. The 0.5-m wide beam of this laser is focused to a 14 µm-diameter spot providing an intensity exceeding 10 20 W cm −2 [9] . Expected progress in the development of beam compression and amplification techniques will raise the irradiances to 10 24 -W cm −2 levels; even 10 29 -W cm −2 levels are feasible, promised by the development of an architecture for optical multipass amplifiers [10] . It is reasonable to expect the availability of such powers within a decade, or even less. The progress of traditional chirped pulse amplification (CPA), is only temporally halted by the need for better gratings for pulse compression, capable of withstanding the output power [11] . If not soon resolved, this problem could be bypassed with other amplification concepts, which go beyond CPA. The solution may come from the development of thin disc amplifiers [12] . As another example, Shvets et al proposed the principle of superradiant amplification, which can amplify intense ultrashort pulses without initial decompression in a plasma medium, i.e. rod and gratings overheating would not be an issue [13, 14] . Finally, an ODEN-type source can be developed in conjunction with laser systems used for inertially confined fusion experiments. For example, the Megajoule Laser Facility (LMJ) near Bordeaux, France, is designed for generating 1.8 MJ pulses [15] . An LMJ prototype, the so-called laser integration line (LIL), was used recently in proton generation experiments similar to [3] [4] [5] [6] and demonstrated the highest to date efficiency [16] . A similar system is currently under construction at the National Ignition Facility (LLNL) [17] .
In order to proceed to the estimation of the proton yield per pulse, we will assume that 9 × 10 22 W cm −2 irradiances and peak proton energies E p ∼ 1.0 GeV are actually achievable. Suppose further a hypothetical laser producing 8 kJ pulses. (This assumption is not unrealistic, given that a single amplifier chain of Nova was able to generate 4 kJ pulses [18] .) For a wavelength of ∼1.0 µm, and a final recompressed beam, 1.0 m in diameter, the diffraction-limited spot formed by a parabolic mirror with a 4-m focal length will have a diameter of ∼8.0 µm. The required irradiance (9 × 10 22 W cm
) can then be achieved by a single pulse of ∼180 fs width. Thus, for generation of protons with peak energy 1.0 GeV the driving laser must generate 8-kJ, 180-fs pulses corresponding to 9 × 10 22 W cm −2 irradiance. Now, when these irradiation conditions are found, one can estimate the number density of generated protons. For that purpose, one must use the mean proton energy, instead of a peak value. LLNL reported 4 MeV as a mean proton energy, derived from exponential fitting of a measured proton spectrum [5] . The RAL group has not reported a mean proton energy; however, the fitting of the inclined part of their spectrum [8] , which represents more than 90% of proton population, yields ∼1.2 MeV. It is worth noting that in both cases the mean values of the proton energy are ∼1/15 of the peak values, hopefully indicating that the latter estimation of mean proton energy is correct. Therefore, it can be assumed that 70 MeV will be the mean energy in the case of 1.0-GeV peak energy generation. Using a protons/laser-pulse-energy ratio of 0.2 (table 1), one will obtain ∼1.5 × 10 14 relativistic protons generated per pulse. 1/15 of these protons one can assume to be of peak or near peak energy. This number corresponds to 1 × 10 13 , 1-GeV protons. The presence of a flattening at the high-energy side of RAL proton spectrum makes this estimation even more realistic. The corresponding irradiation and proton emission characteristics are summarized in table 1.
One can now estimate the yield of charged pions, generated by reaction (1). A logical way to obtain this estimate would be to conduct a Monte Carlo simulation for all possible channels, provided one had time profiles of proton-beam energy and number densities, and a blueprint of the ODEN. Neither of these conditions currently exists. At present it must suffice to use the available Monte Carlo simulation data for inelastic scattering of proton beams [19] . From that data, for scattering events due to 1.0-GeV protons, one expects about 25% yield of each type of charged pion (with a slight excess of π + ), with mean energies of ∼100 MeV. Therefore, one expects a pulse of ∼10 13 1.0-GeV scattered protons to generate 5 × 10 12 charged pions (neglecting kaon production and multi-meson events, due to the lack of initial energy). We will also neglect the π − -chain, assuming that π − are absorbed by the nuclei of the proton stop (detail 4, figure 1 ) leaving almost no decay products (see the discussion in the next section).
The decay by reaction (2) of charged pions with mean energy 100 MeV will yield an initial pulse of 2.5 × 10 12 muon-neutrinos with mean energy ∼20 MeV (see, for example, [20] ). In the laboratory frame the decay of 100-MeV pions will be dilated to ∼45 ns. For in-flight decay a ∼10-m long shaft will be required. However, depending on the design of the target (detail 4, figure 1 ) a decay-at-rest, leading to an isotropic and monoenergetic muon neutrino point source can be assumed.
The composition of the neutrino pulse formed from pion decay is quite similar to that of atmospheric neutrinos. In both cases the neutrino energies are generally less than the rest energies of the parent pions (as was mentioned above), and correct estimation of neutrino fluxes requires three-dimensional calculations (see [20, 21] ). Assuming a uniform 4π-steradian angular spread of neutrinos, and a distance-to-detector sufficient to neglect the linear size of the proton beam stop (detail 4, figure 1) . A shorter source-to-detector distance or a higher irradiance at the laser target will produce correspondingly higher fluxes.
Perhaps the most attractive feature of the ODEN is its ability to trigger the detector and separate the products of reactions (2) and (3) in the time domain. Placing the muon stop 10 2 -10 3 m away from the proton beam stop will separate the muon and pion decays temporally (30-300 ns) and spatially. It is worth noting that optically triggering the detector offers a clear advantage over any other accelerating system. For example, [22] describes temporal synchronization of an rf-driven linear accelerator with a femtosecond-pulsed laser, to study transverse profiles of 50 MeV electron beams. The repetition rates of linac and laser oscillators were adjusted through a phase-locked loop, while the arrival times of laser pulses at the interaction point were synchronized with electron bunches using an optical delay line, with 1-2 ps jitter [22] . However, this technique is limited to electron energies of a few hundred MeV. Beyond this the use of transition radiation for optical triggering (as employed in [22] ) becomes impractical [23] . In contrast, ODEN is driven by a single oscillator, so that synchronization is not required; a simple beam pick-off can be used for setting an optical triggering line (detail 9, figure 1 ).
Comparison with existing sources of neutrinos
The oscillation probability function (OPF) for two-flavour oscillations ν x → ν y can be expressed as follows [20] :
where θ is the mixing angle, m is the mass difference (eV), L is the distance (m), L o is an oscillation length, and E ν is the neutrino energy (MeV). The oscillation length L o can be defined as a period of the OPF in linear scales of the m 2 -sin 2 2θ coordinate plane. Using this definition, the OPF is symmetrical with respect to the median plane of the m 2 range. One can now find L o using equation (5) for a given decimal range of m 2 (where the range for sin 2 2θ is 0-1). This value of L o can be used as the source-to-detector distance. The following sections will discuss the conditions under which the ODEN can be used for testing ν µ → ν e and ν µ → ν τ oscillations.
The ν µ → ν e oscillations are the only type of oscillations which can be addressed at the marginal E ν value of ∼20 MeV. The ODEN can be used to probe for ν e appearance phenomena. The clear advantage of the ODEN will be its ability to provide a pure muon neutrino pulse, one that is practically uncontaminated by electron flavour.
Studies of ν e appearance were conducted previously by the liquid scintillator neutrino detector (LSND) at Los Alamos Meson Physics Facility (LAMPF) [24] . In those studies, the LSND was placed 30 m away from a source providing a total flux of (3.75 ± 0.26) × 10 13 ν µ cm −2 , accumulated discontinuously over a five-month period [24] . Assuming conservatively that the LAMPF operated for 1% of this period, this flux would correspond to 3 × The comparison of ODEN with existing sources of neutrinos would be incomplete without recalling ISIS, the synchrotron employed by the German-British collaboration KARMEN for studying neutrino physics. Although the total flux of neutrinos generated by ISIS per pulse (∼2.2 × 10 12 ν µ ) is about the same as LAMPF, the ISIS output has superb temporal characteristics, providing a pair of 100 ns wide pulses of 800 MeV protons separated by 330 ns with a repetition rate of 50 Hz [1, 25] . The LAMPF source generates a flux ∼2.4 × 10 12 ν µ /pulse with a pulsewidth of 600 µs at 120 Hz repetition rate. The above rough estimates show that ODEN should be capable of generating a flux of ν µ exceeding LAMPF (and, therefore, ISIS) sources by more than 10 3 times; one may expect the comparison of temporal advantages for ODEN with ISIS may be less dramatic.
The principal difference arises from the fact that the proton pulsewidth of ODEN is about 10 5 times shorter than the pion lifetime at rest (26 ns), while proton pulses generated by ISIS still exceed it. The latter issue adds an additional uncertainty in the identification of the source of the KARMEN anomaly in neutrino time distribution [1] . The decay of a hypothetical particle, which adds a Gaussian component at 3.6 µs to an otherwise exponential time distribution of events can originate either from proton collisions or some exotic decay at rest of π + [1] . Since the proton beam pulse of ISIS is essentially broader than the pion lifetime, these two sources cannot be temporally resolved in spite of the excellent time resolution of KARMEN detectors (2 ns). With ODEN, providing a proton pulse of a factor of more than 10 5 shorter than ISIS, such problem would hardly arise (however, if built, ODEN can be employed for independent confirmation of the existence of the hypothetical pion decay, which still remains a mystery [26] ).
The shortest possible proton pulses, as already mentioned above, lead to minuscule contamination of muon-neutrinos with electron flavour and muon-antineutrinos originating from muon decays by reaction (3). The exact numbers will depend on the target used for the proton stop and its surroundings. For comparison, we may assume that the proton stop is U or Ta/D 2 O target, as one used by ISIS [1, 25, 27] . In spite of a rather complex nature of the statistics of neutrino generation from muon decays [25] , the (ν e ,ν µ ) production curve over the first 26 ns from ∼10 µs span can be approximated as linear (see, for example, figure 2.3 of [27] ). Then, the extrapolation of muon-antineutrino and electron-neutrino backgrounds produced by ISIS to ν µ -pulses generated by ODEN will be ∼0.3% of ν µ , compared to 6.5% produced over the duration of ν µ double pulses generated by the ISIS neutrino source [27] . This difference generally arises from a difference in duration of ν µ -pulses generated by ODEN comparing to ISIS (26 ns versus ∼500 ns double-pulse time span). The fractions of neutrino contamination from π − and µ − decay chain will be at least ∼2 × 10 3 times less [25] . Thus, again, the length of proton pulses from ODEN will certainly be an advantage compared to existing neutrino sources, providing better temporal separation of neutrinos generated from pion and muon decays. This difference could be even larger, since an additional contamination in ISIS comes from the muon source used for muon-spin-resonance studies [25] .
The threshold restriction on charged current interactions rules out conducting ν µ disappearance tests at E ν ∼ 20 MeV. However, a 100-fold increase in irradiance (10 25 W cm [28] . Corresponding values of L o lie between 50 and 500 km. Therefore, placement of the first detector near the ODEN, with collinear placement of the second about 100 miles away, permits performance of K2K-type tests with fluxes of 4 × 10 2 ν µ cm −2 s −1 through the second detector. Experimental verification of the OPF via assessment of ν µ disappearance on the second detector could then provide a practical tool for study of neutrino oscillations.
Conclusions
This brief paper has provided a first sketch of the concept of the ODEN. Many important matters have been intentionally ignored in the above text; a few of these deserve some mention. First, a more detailed picture is needed of neutrino generation characteristics. This paper presents relatively rough estimates of neutrino energies and fluxes; follow-on feasibility studies should include a more detailed assessment. Further concept development is tightly tied both to progress in high-intensity pulsed lasers, and to better understanding of the relativistic proton beam-formation phenomena. Progress in these fields will permit assembling a detailed picture of neutrino spectra and densities, and developing statistics on neutrino oscillation tests. This will lead in turn to hardware profiles needed for ODEN development.
The true purpose of this paper is merely to propose another avenue in the field of neutrino physics, which will be open sooner or later with the development of high-intensity lasers. The current price of this proposal may not justify the need for construction of ODEN as a standalone facility. Nevertheless, ODEN could be considered a good complementary function for existing petawatt laser systems.
